0 -Hydroxyphenyl -glucoside and 4 0 -hydroxyphenyl -glucoside were polymerized with horseradish peroxidase. The isolated dimers were found to have linkages at C3 0 of the hydroxyphenyl moieties and proved to be fluorescent. Low accumulation of oligomers was attributed to increasing electrochemical reactivity with polymerization degrees, which were expected from the levels of highest occupied molecular orbital.
Peroxidase (EC 1.11.1.7) catalyzes oxidative polymerization of various aromatic compounds using H 2 O 2 as an electron acceptor. The advantages of enzymatic polymerization reside in the novel structures of the products, which are sometimes difficult to synthesize by conventional chemical methods, as well as mild reaction conditions, high efficiency, and avoidance of organic solvents. Poly(arbutin) has been derived from 4 0 -hydroxyphenyl -D-glucoside (hydroquinone -glucoside, arbutin, -Arb) with horseradish peroxidase (HRP). [1] [2] [3] Previous studies, however, have focused on high polymerization of -Arb by continuous addition of H 2 O 2 due to interest in -conjugated materials, which are expected to be useful for electrochemical sensors. Hence they have hydrolyzed glucose residues and have characterized fully polymerized material. However, oligo(Arb)s are expected to be enough small for transmembrane transport of cells and have affinity for biological materials due to glucosyl moieties. Several properties useful in the biological activities of the oligomers have not been studied. The present study was conducted to characterize the oligomers, particularly dimers, involved in the polymerization of -Arb and 4
0 -hydroxyphenyl -D-glucopyranoside (-arbutin, -Arb), 4, 5) the latter of which was tested as a substrate for the first time. In addition, this is the first attempt to evaluate the electrochemical reactivity of oligomeric Arbs. The accumulation of oligomers is discussed in terms of such reactivity.
In HRP-catalyzed polymerization of phenolic compounds, free radicals are known to be generated from the substrates and to couple with each other into the polymers. 6, 7) The HQ moieties of -Arb (donated by Ezaki Glico, Osaka, Japan) and -Arb (Nakalai Tesque, Tokyo) were polymerized by HRP (Toyobo, Kyoto, Japan) efficiently and similarly along with the addition of H 2 O 2 . In the initial stage, the oligomers were produced as shown in Fig. 1A . The yields of dimers were estimated to be 5-8% of the initial monomers from the peak area ratios. The respective dimers were abbreviated as di(-Arb) and di(-Arb). Di(-Arb) and di(-Arb) were prepared in a reaction mixture (10 ml) containing monomers (final concentration, 0.86 M) and HRP (1,380 U/ml) in 50 M phosphate buffer (pH 7.0). H 2 O 2 (0.108 M, 12.5 mol % of the monomers) was added drop by drop. The dimers were isolated by GPC column chromatography (3 cm Â 91 cm, Bio-gel P-2, Bio-Rad Laboratories. Hercules, CA) using 10% ethanol as an eluant. The isolated compounds that showed a single peak on HPLC analysis gave a molecular-related ion peak at m=z 565 (C 24 O 14 H 30 . Na) on MALDI-TOF/MS (VoyagerÔ, PerSeptive Biosystems, Framingham, MA), which proved dimeric structure. y To whom correspondence should be addressed. Tel: +81-6-6963-8075; Fax: +81-6-6963-8079; E-mail: tkiso@omtri.city.osaka.jp Abbreviations: HRP, horseradish peroxidase; Glc, glucose; -Arb, arbutin; -Arb, -arbutin; HQ, hydroquinone; HPLC, high performance liquid chromatography; MALDI-TOF/MS, matrix-assisted laser desorption ionization-time-of-flight mass spectrometry; NMR, nuclear magnetic resonance; UV, ultraviolet; DP, degree of polymerization; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital Biosci. Biotechnol. Biochem., 71 (4), [1083] [1084] [1085] 2007 Note Large downfield shifts ((ppm)10-11) of C3 0 ((ppm) 129.9, 128.8) as compared to those of the monomers ((ppm) 119.1) indicated that C3 0 was involved in the linkage. In 1 H-NMR (D 2 O, 300 MHz), two coupled protons and an isolated one at the aromatic moiety indicated the elimination of only one proton by the linkage and the equivalent position for coupling. The isolated aromatic proton, without proton-proton coupling, presented a cross signal against the anomeric proton in NOESY. This result indicates that the proton neighboring the anomeric one linked to C2 0 . In conclusion, it was inferred that the dimers linked at the 3 0 position of the HQ moieties, which was coincidental with the elucidated structure of poly(-Arb). [1] [2] [3] As shown in Fig. 2 , only the dimer gleamed under UV light. This indicates that the dimers emitted fluorescence, while the momoners were non-fluorescent. When fluorescent spectra in 0.01% dimer solutions were measured with a Hitachi F4500 (Tokyo) after bubbling them with N 2 gas, excitation and emission peaks were observed at 338 and 435 nm respectively. Production of the fluorescent dimer of tyrosine (dityrosine) by radical coupling has been inferred from the reaction of amino acids with lipid hydroperoxides. 8) Dityrosine having a dimeric phenyl group showed excitation at 285-320 nm and emission at 384-410 nm. This spectroscopic similarity suggested that fluorescence was responsible for the diphenolic aglycone structure. The dimers should be useful as molecular probes in glycobiology due to the possibility of fluorescence detection.
The -Arb oligomers with polymerization degrees (DP) of 2-4 showed broad absorption at around 300 and 335 nm, which covered the UVA (315-400 nm) and UVB (280-315 nm) regions, while the monomers showed simple absorption, only at 280 nm. The oligomers showed no obvious absorptions in the visible region, like the monomers. On the other hand, Arbs are practically utilized in skin whitening cosmetics, mainly due to the inhibition of tyrosinase, a key enzyme in melanogenesis. 4, 5) The IC 50 values of -Arb, a mixture of -Arb oligomers (DP 2-4) and poly(-Arb) for melanin production with mouse melanoma B-16 cells, were approximately 120, 450, and 770 ppm respectively. Thus the oligomers displayed a smaller effect against enzymatic melanin production but a more protective property from inflammatory ultra-violet light.
It has been found that the oxidation rates for monosubstituted phenols by HRP depend on the electronic energy levels of the substrates. 9, 10) In order to explain the low accumulation levels of the oligomers, the electrochemical reactivity was compared in terms of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), calculated by the density functional theory. 11) In this study, under generalized gradient approximation, the DNP basis set (comparable to the 6-31G Ã basis set) and the BLYP functional were used. As shown in Table 1 , HOMO increased with DP. Because a higher HOMO generally signifies higher chemical reactivity, these data predicted that the glycosides would become more a b Fig. 2 . Appearance of Di(-Arb) and -Arb under UV Light Radiation. a, 0.01% Di(-Arb); b, 0.5% -Arb. (1), 0 ml (H 2 O 2 , 0 mmol); (2) 5 ml (3.3 mmol); (3) 10 ml (6.5 mmol) as follows: (4) 15 ml (9.8 mmol). HPLC was performed under the following conditions, using a Shimadzu LC-10AD (Shimadzu, Kyoto, Japan) equipped with a Shimadzu RID-10A RI detector: column, Shodex OHpack SB-802.5 (Showa Denko, Tokyo); temperature, 40 C; solvent, distilled water; flow rate, 0.7 ml/min. a, monomer; b, dimer; c, polymer. B, The structure of di(-Arb); C, di(-Arb). reactive as they polymerize more. HF calculations (ab initio) applied to -Arb and di(-Arb) showed a similar trend. In other words, the polymerized product (for example, the dimers) polymerizes more readily than the substrate (for example, the monomers). Accordingly, the low accumulation of oligomers is attributable to increasing reactivity. In the density functional calculation, the energy gaps between HOMO and LUMO were calculated to be 3.23 and 2.17 eV for the dimer and the supposed pentamer respectively. An energy of 3.23 eV corresponds to 384 nm in wave length, the 2.17 eV to 571 nm. The lower energy gap calculated for highly polymerized molecules coincided with the absorption of visible light by red-brown colored poly(Arb)s.
In summary, HRP-catalyzed polymerization of Arbs was accompanied by the formation of oligomers, although production was confined to low levels. This was attributable to increasing electrochemical reactivity with DP. The oligomers proved to have certain properties, such as fluorescence and wider UV absorption, which the monomers lacked. Potential applications, for instance, as fluorescent labeling agents for sugar-binding molecules, can be considered, if the yields can be improved.
